Signalized intersections are major sources of traffic delay and collision within the modern transportation system. Conventional signal optimization has revealed its limitation in improving the mobility and safety of an intersection. Unconventional arterial intersection designs (UAIDs) are able to improve the performance of an intersection by reducing phases of a signal cycle. Furthermore, they can fundamentally alter the number and the nature of the conflicting points. However, the driver's confusion, as a result of the unconventional geometric designs, remains one of the major barriers for the widespread adoption of UAIDs. Connected and Automated Vehicle (CAV) technology has the potential to overcome this barrier by eliminating the driver's confusion of a UAID. Therefore, UAIDs can play a significant role in transportation networks in the near future. In this paper, we surveyed UAID studies and implementations along with insights gained for the future research directions on UAID under CAV environment. In addition, we present an overview of intersection control schemes under the context of CAV. We conduct a proof-of-concept simulation to assess the impact of the driver's confusion for UAIDs in mixed traffic. The results show that the average delays with the confused drivers are statistically higher. The benefits gained from deploying UAIDs in conjunction with CAV are significant and improve intersection performance during the initial rollout of CAV when mixed traffic conditions with low CAV market penetration is likely the reality.
I. INTRODUCTION
RAFFIC engineers have been challenged to develop solutions to mitigate congestion, enhance safety, and improve the level of service (LOS) of at-grade intersections. Thus far, the solutions can be categorized into three groups: 1) traditional/conventional measure targeting on improving Signal Phase and Timing (SPaT) plan via coordination or optimization 2) grade-separated reconfiguration of intersection geometry; and 3) deploying unconventional arterial intersection designs (UAIDs).
The traditional approach via SPaT optimization is no longer able to considerably alleviate congestion at signalized intersections [1] . The premise of signal optimization is that if the critical lane groups get served with longer phases, the capacity of an intersection could be increased. Therefore, adaptive signal control technologies (ASCTs) (e.g., ACS-Lite, SCATS, SCOOT, OAC) have been deployed as the traditional approach to provide adjustments on SPaT according to realtime traffic information. However, ASCTs do not change the geometry of the intersection and consequently, the conflict points of the intersection remain the same.
The capacity of an intersection is the summation of all the lane groups. Based on this premise, the intersection capacity increases if more lane groups are served simultaneously. Grade separation can achieve this very objective, resulting in uninterrupted traffic flows. It increases intersection safety at the same time as well [2] . For instance, overpasses can significantly increase the capacity of an intersection by making approaches bypassing each other. Additionally, fewer signal phases are needed for directing traffic at a grade-separated intersection. However, the grade-separation approach often comes with a high cost of infrastructure investment. Only under few circumstances is the conversion economically justified.
UAIDs, also known as alternative intersection designs (AIDs), have the potential in improving the efficiency and safety of an intersection by strategically eliminating or changing the nature of the intersection conflict points. Various UAIDs have been proposed along the years (TABLE 1) , but only a handful of them are seen in real-world deployments. The adoption of UAIDs in the US as of 2018 is shown in Fig. 1 . While the adoption of UAIDs exhibits an increasing trend in the US, additional research for UAID is still needed. Besides, little research has been done to UAIDs in the context of CAV technology. Thus far, numerous studies have been presented for the vision of full market penetration of CAVs where signalized intersections have become obsolete. However, in the near future, mixed traffic conditions would be the reality. Hence the deployment and promotion of CAVs still have to resort to the existing roadway infrastructure. One of the major concerns for UAID is driver's confusion. It can be greatly mitigated or even eliminated with the aid of CAV, usually in the form of an advanced driver-assistance system (ADAS), which is typically referred as the lower levels of automation (below SAE Level 3 vehicle automation). This paper aims to review the state of the research for UAIDs and the promising improvement which are made possible with CAV technology. The remainder of the paper is organized as follows. Section II summarizes the previous studied regarding UAIDs. Section III reviews the intersection control schemes under CAV environment. In Section IV, we discuss and highlight the research trends for future UAID research under CAV environment. In Section V, we present a proof-of-concept simulation to quantify the impact of driver's confusion on the performance of UAIDs. Lastly, we conclude the paper with final remarks in Section VI. [10] Triangabout 2014 [11] Symmetric intersection 2018 [12] *deployment in the US
II. UNCONVENTIONAL ARTERIAL INTERSECTION DESIGNS
There are two underlying design concepts for UAIDs. The first one is to facilitate through traffic movements. The second one is to reduce the conflicts between left-turn movements and opposing through movements by re-routing some lane groups. In a standard four-leg intersection with four signal phases, there are 12 movements (four left turning, four through, and four right turning), which form 16 conflicting points as shown in Fig. 2 . Among them, 12 of the conflict points are caused by the left turning movements. Not only does the left-turn movements hinder intersection performance, but they also attribute to most of the right-angle collisions, causing serious injuries for motorists and pedestrians. 
A. UAID Designs
Since the first DDI in the US was constructed at the crossing of I-44 and US-13 in Springfield, MO [13] , the adoptions of UAIDs have been accelerated in the past decade. In the Every Day Count initiative [14] , the Federal Highway Administration (FHWA) recommends the use of DDIs, DLTs, MUTs (e.g., restricted crossing U-turns, median U-turns, and through Uturns), and roundabouts [14] . The characteristics of the four aforementioned UAIDs are discussed in the following subsections.
1) Diverging Diamond Interchange (DDI)
As illustrated in Fig. 3 , the concept of DDI is to eliminate the necessity of left-turn bays and accompanying signal phases at signalized ramp terminals between an arterial and a freeway. The upstream signalized crossovers operate with two-phase signal control. Fewer conflict points are with DDI, which is likely leading to fewer crashes [15] . However, the counterintuitive travel between the ramp terminals and the interchanges, and the crossing over to the other side of the traffic on the bridge may create confusion for drivers. 
2) Displaced Left-turn Intersection (DLT)
The DLT eliminates the conflict between left-turn and opposing through movements by displacing the left-turn lane to the opposing direction at upstream of the primary intersection as demonstrated Fig. 4 Compared to grade-separated interchange, DLT can be constructed much faster and with less cost [16] . 
3) Median U-turn Intersection (MUT)
A MUT intersection aims to eliminate direct left turns from major and minor approaches by re-routing the traffic via a median located on the major street. As shown in Fig. 5 , a driver has to drive past the intersection that he or she is intended to make a left turn, make a U-turn at the median opening, and then make a right-turn to complete the whole left-turn maneuver. The MUT can be implemented as RCUT (Restricted Crossing U-turn intersection) which prohibits through and left movements of the traffic from the side street. Similarly, drivers on the side street must first take a right turn, then a U-turn a left turn on the arterial to complete the through movement. 
4) Roundabout
A roundabout changes the type of crashes at an intersection. roundabouts have consistently gained recognition as a safe alternative to tradition four-leg intersection in the US. As demonstrated in Fig. 6 , traffic enters and exits a roundabout only through making right turns and then proceeding in a counter-clockwise pattern. The traffic inside the roundabout has the right-of-way (ROW) over the incoming traffic. For a multilane roundabout, ideally, a driver should know the lane that he or she wishes to go prior to entering the roundabout. As of Jun. 2018, there are approximately 3,200 roundabouts in the US. France is the leading adopter nations for roundabouts with 30,000 roundabouts nationwide [17] . Unfortunately, the larger footprint (ROW) requirement for UAIDs in some cases makes them infeasible to be deployed in an urban environment. For instance, the DLT intersection, when implemented on four approaches, has a footprint that is nearly one acre larger than a conventional intersection [18] . The cost of ROW acquisition is the generally the greatest cost of constructing a UAID and it varies depending on locales. Nearly all UAIDs cost more than the conventional intersection with the exception of the Jughandles [19] . The complex re-routing of traffic may also be challenging to comprehensive for unfamiliar drivers. The unfamiliarity to the UAID is the primary reason for the navigation error, which is defined as the wrong-way maneuvers when it comes to driving through a UAID. Lastly, the secondary intersections of a UAID could potentially create delays that impact the overall traffic [12] .
B. Empirical Study
Only limited empirical studies of UAIDs have been conducted, primarily due to the limited deployments in the real world. The roundabout is the only UAID that has a capacity model in the Highway Capacity Manual [20] . The empirical capacity model for the US roundabout can be found on the NCHRP Report 572 [21] . Isebrands conducted an empirical study regarding the effectiveness of 17 existing high-speed (40+ mph) roundabouts in rural areas in the US. The analysis revealed an 84% reduction in the crash frequency, an 89% reduction the average injury crash rate, an 86% reduction in angle crashes, and a 100% reduction in fatal crashes [22] .
Safety evaluation for the seven DDIs deployed in the US was performed by Hummer et al. [23] . They aimed to recommend the crash modification factor (CMF) for converting to a DDI from a conventional diamond interchange (CDI) based on crash data. The crash frequency, crash type, and traffic volume were taken into consideration. The CMF for the number of crashes was found to be 0.67, which means 33% reduction in the total number of crashes. They also found the CMF for injury crashes to be 0.59. In [24] , a before-and-after study was conducted for MUTs, DLTs, and roundabouts in the State of Maryland. In this study, Claros investigated the crash reports for nine DDIs and five MUTs [25] . It was found a 62.6% reduction on fatal and injury crashes, 35.1% reduction on property-damage-only crashes, and 47.9% reduction on the total crashes for the DDIs. For the MUTs, the injury crashes and total crashes were reduced by 63.8% and 31.2%, respectively. It was also revealed that the left-turn angle crashes were substantially decreased with the adoption of UAIDs.
The analytical approaches for studying UAIDs have been reported. Maji et al. [26] developed a signal optimization model for DDI, in which the common cycle length and green split for crossover intersections were determined and the adjacent conventional intersections of the DDI were taken into account. A two-stage solution was proposed. The first stage aims to maximize the traffic throughput by optimal green slits and the second stage was to optimize the offsets (between primary and secondary intersections) by a modified Maxband method [27] . Chlewicki compared DDI, CDI, and SPUI by using the critical lane volume (CLV) method. He concluded that a DDI is not always the best option, but DDI has better traffic operation most of the time when the costs are similar. The more lanes are needed, the more likely DDI will be a better option [28] .
C. Simulation Study of UAID
Besides empirical study, traffic simulation is the most common method for researching UAIDs. Commercial-of-theshelf microscopic traffic simulation tools, including Vissim, CORSIM, PARAMICS, SimTraffic, AIMSUN, were often used. The studies of UAID using simulation software since 2000 are listed in TABLE 3. The studies are categorized into two groups: the group using empirical data to calibrate the network and the group without it. [33] ) and SimTraffic ( [6] , [19] ) being used as simulation platforms in some cases, the remaining studies used Vissim predominately. The only corridor-level study was [11] , where a new UAID (named Tiangabout) was evaluated with a 15-intersection corridor in the State of Maryland. We also observed that the studies using empirical data ( [26] , [29] - [32] ) are more likely to include the adjacent intersections in the simulation evaluation. The remainder of the studies focuses on isolated UAIDs. The majority of the studies made comparisons of a UAID with its conventional counterpart. For instance, a DDI is compared with a CDI; a MUT was compared with a standard four-leg signalized intersection. The roundabout-related geometric conditions (i.e., radius, island width, merging time gap, and lane width) are discussed in [40] ,
The measures used in the previous studies are listed in TABLE 4. The use of measures depends on the prevailing traffic conditions. The number of stop may be suitable for a network that has not reached saturation, whereas total delay is apt for network that is near capacity (e.g., volume to capacity ratio greater than 0.8) [44] .The most common measures for a signalized intersection are average delay per vehicle, numbers of stops, average queue length, and intersection throughput. Among them, delay is the measure that relates driver's experience the most, as it represents the excess amount of time in traversing an intersection. Delay can be further broken down to stopped time delay, approach delay, travel time delay, timein-queue delay, and control delay [45] . Analytical delay prediction models (e.g., Webster's, Akcelik, HCM 2000) have been proposed along the years, but simulation provides an innovate and more robust and realistic way in evaluating the delays for intersections. The second common measure is the number of stops, which is an important parameter when it comes to air quality model, since the regaining of speed form a stopped vehicle requires additional acceleration, therefore burning more fuel. Queue length provides an indication that whether a given intersection impedes the vehicle discharging from an upstream intersection. Queue length is typically taken into account for corroder-level SPaT optimization. Other less common measures have been adopted for studies as well.
Hydrocarbon (HC), carbon monoxide (CO), nitric oxide (NO), and fuel consumption were used in [11] for evaluating the proposed Triangabout. The average speed and ratio of averaging moving time are used in [19] and [33] , respectively. The crash related measures are lacking in the simulation studies because none of the traffic simulation software package is able to simulation collision to the best of our knowledge 
Measures Study
delay [29] , [31] , [11] , [32] , [6] , [26] , [34] , [18] , [35] , [36] , [38] , [39] , [40] , [19] , [41] , [42] , [9] , [43] , [7] stop [29] , [32] , [6] , [26] , [35] , [36] , [38] , [19] throughput [30] , [34] , [18] , [1] , [42] , [43] average speed [19] emission [11] travel time [33] , [37] queue length [35] , [38] , [19] , [41] level-of-service [35] , [9] vehicle-mile-travel [33] , [32] Owing to the nature of the simulation, multiple scenarios could be tested systematically in an effective way. As shown in TABLE 5, three main categories of variables are observed in the previous studies: the geometric condition of the intersection, traffic flow characteristics, and SPaT plans for formulating multiple evaluation scenarios. 
Variable/Factor Study
Geometric design lane number [35] , [36] , [38] , [41] crossover spacing [29] , [43] intersection type (comparison) [6] , [18] , [30] , [37] , [30] , [11] , [35] , [9] Traffic volume [29] , [30] , [31] , [32] , [6] , [18] , [36] , [37] , [38] , [39] , [1] , [40] , [19] , [41] , [42] , [43] , [7] speed limit [40] SPaT phase configuration [29] , [39] cycle length [31] , [42] , [39] signal offset [26] Only two studies investigated the signalized crossover for DDI ( [29] ) and USC ( [43] ). The number of lane analysis tried to test the performance gain by each additional lane. In [6] , [18] , [31] , [33] , [35] , comparisons among multiple UAIDs were made for sensitivity analysis to investigate the comparative advantages of each UAID. The majority of the studies researched the performance of UAIDs under various volume scenarios, some of which even exceed the capacity of a conventional intersection, to demonstrate the benefits of UAIDs. Heavy left-turn traffic and unbalanced split among intersection approaches were often combined with high overall volume to create the unbalanced and high demand scenarios where a conventional intersection typically reveals its inadequacy.
SPaT optimization depending on the traffic volume was performed in some studies to further improve the performance of UAIDs. Linear programming can be used for signal optimization [42] , but commercial software specializing in SPaT are often chosen. Synchro was the most used software for SPaT optimization and it was adopted in [6] , [18] , [19] , [31] , [34] , [36] , [37] , [43] . SIDRA, an alternative to Synchro, was used in [11] , [30] . Recently, we have seen that the PTV Vistro has been used for signal optimization as well [29] . However, only in [26] was the SPaT plan, including the optimal offset of the signalized crossover of the DDI, studied in details.
The majority of the research showed the superior performance of UAIDs to conventional solutions. A DDI outperform a CID if a location is with high traffic volume and with left-turn demand exceeding 50% of the total demand [36] . It was concluded in [28] that the DDI can reduce 60% of total intersection delay and 50% of the total number of stops when designed properly. The DLT intersection is able to potentially reduce average intersection delays in most traffic demand scenarios. A before-after study for the DLT at Baton Rouge, LA showed that the reduction in total crashes and fatality were 24% and 19%, respectively. The simulation also demonstrated 20% to 50% increase in throughput compared to a conventional intersection [18] . The reduction for a MUT in total crashes ranges from 20% to 50%, as shown in the study conducted in [46] , [47] .
D. Human Factor Study
Unfamiliar urban intersections pose high cognitive demand on drivers who are prone to make unexpected maneuvers (e.g. hesitation, sudden stop, deviation from the planned path, sudden aggressive maneuvers [37] , [43] ). The driver's confusion was mentioned in most of the UAID studies as a potential drawback for UAIDs. As we observed from practices, the off-ramp right tuning movements from the freeway in operation are signalized in DDIs due to the safety concern for unfamiliar drivers who may misidentify traffic on the opposite side of the roadway passing through a DDI interchange [32] . Hummer and Reid stated the reduction in delay and travel time would be less after accounting for driver's confusion [33] .
Traditionally, human factor study for intersection was carried out by conducting a study of empirical data, or survey of road users. In recent years, the advancement of computational power makes driving simulator more prevalent than ever before. A driving simulator constructs a realistic virtual environment where a driver can be "placed" into the network for driving tasks. Using driving simulator for assessing the driver's confusion is virtually risk-free. It is also very cost-effective to rapidly and systematically test a wide range of scenarios (different geometric configurations, pavement markings, and signage). The FHWA, in collaboration with Missouri DOT, evaluated the human factor of DDI using the Highway Driving Simulator located in the Turner-Fairbank Highway Research Center. A DDI and a CDI were simulated. Seventy-four drivers within the Washington D.C. area were recruited for the experiment which aimed to investigate the wrong way violation, navigation errors, red-light violations, and driving speed through the DDI [48] . In [25] , Park found that wrong way crashes inside the crossroad between ramp terminals accounted for 4.8% of the fatal and injury crashes occurring at the DDI.
Zhao et al. [49] studied the human factor aspect of the exitlanes for left-turn (EFL) intersection by using a driving simulator. Being classified as a UAID, the EFL opens an exitlane at the opposing travel lane to be used by left-turn traffic with an additional traffic light installed at the median opening. The possible confusion for the new users, the adequacy of signage marking, and the cue movement from by other vehicles were investigated. Navigation errors, utilization of the mixedusage-area, red-light violation, and wrong-way violation data were collected from 64 participants. The results showed that it was difficult for participants to comprehend EFL's special operation procedure without prior training or experience. It took an average of five seconds longer for the unfamiliar driver to use mixed-use-area of an EFL on the opposing travel lane. Tawari et al. proposed a prediction framework for unexpected behaviors as a precursor for accident intervention based on three sources of data: vehicle dynamics, visual scanning of drivers, and the difference in vehicle dynamics between infrastructure expectation and the actual ones [50] .
III. INTERSECTION TRAFFIC CONTROL IN CAV CONTEXT
The CAV technology could offer promising enhancement in the effectiveness of UAIDs. The SAE International defines five levels of vehicle automation [51] . The advanced driverassistance systems (ADAS) are typically referred when it comes to lower level vehicle automation (i.e. SAE Level 2 or below). The connectivity of CAVs is able to obtain critical information regarding infrastructure (e.g., SPaT plan, UAID information); the ADASs can reduce driver's confusion by providing navigational information or even actively prevent the driver from performing incorrect maneuver (making a wrong turn onto the travel lane of the opposing traffic).
A. CAV on Conventional Intersection Traffic Control
The capability of CAV makes researchers re-think the queue discharging aspect of a signalized intersection, which is likely different than that of the human-driven vehicles (HVs). In [52] , a CAV-based application on real-world signalized intersection was studied using Vissim. The start-up lost time was assumed to be zero owing to V2X communication and all the CAVs within a platoon moved synchronously upon the commencement of a green phase. Without changing the existing SPaT plan, the average stop delay was reduced by 17% when the MPR of CAV reached 70%. Le Vine et al. [53] studied the queue discharging operation of CAVs with assured-cleardistance-ahead principle by using a deterministic simulation model. They observed, on the contrary to [52] , only marginal improvement to intersection throughput due to the synchronous start-up movement. However, they found that the processing time for a ten-vehicle queue did reduce by 25% with full CAVs, compared to that for the HV-queue with the same amount of vehicles.
Using real-time vehicle information (vehicle trajectory, locations) to furnish ATCSs is a popular research direction. A bi-level optimal ATCS algorithm, which used real-time data from CAV via V2I communication, was proposed in [54] . An estimation algorithm for HVs was also developed to construct a complete arrival table of all vehicles for SPaT allocation. Studies that demonstrated the potential improvements because of real-time traffic information of CAVs can also be found in [55] - [57] . Eco-driving-based intersection management using SPaT information under V2I communication is another popular direction for increasing intersection performance. Zohdy et al. [58] proposed an intersection management system focusing on optimizing vehicle arrival. The system assumes 100% penetration of CAVs with perfect V2I communication and it was tested with a hypothetical standard four-leg signalized intersection.
Realizing the potential long path to full vehicle automation, researchers also emphasize the possible cooperative scheme between CAVs and HVs by strategically consider the following HVs for intersection management [59] . In [60] , Yang et al. outlined their bi-level optimal intersection control algorithm that was able to factor in the mixed traffic conditions, the trajectory design for CAVs, and the prediction of HVs based on real-time CAV data. The prediction of the trajectory of HVs is based on Newell's car following model and the positional information of CAVs. The baseline used for comparison was an actuated signal control algorithm under a range of traffic demand between 1000 and 2000 vehicle per hour (vph).
B. Virtual Traffic Light
The virtual traffic light (VTL) was initially proposed as a self-organized intersection traffic control based on only V2V communication [61] . Under VTL, an elected vehicle acts as the temporary road junction infrastructure to broadcast traffic light message when it approaches an intersection. The other drivers in the adjacent area are conveyed with the crossing message via in-vehicle display. The selection of a leader in VTL is referred as leader election protocol (LEP). Fathollahnejad et al. [62] investigated the probability of disagreement among participating vehicles in LEP and presented a series of simple round-based consensus algorithms for solving the selection problem. The number of participating vehicles, the rounds of message exchange, the probability of message loss, and the decision criterion (assume or abort as a leader for a vehicle) were taken into account. However, the feasibility of designing a consensus algorithm that ensures safety under asymmetric information (i.e. the number of candidates is unknown.) remained an open question as concluded by the Fathollahnejad et al. Sommer et al. [63] adapted the dynamic ad hoc network algorithm developed by Vasudevan et al. [64] as the LEP and tested the network with Veins (a simulation environment comprised of OMNeT++ and SUMO) on a real-world network. An extension of the VTL algorithm in [63] was developed in subsequent research by the Sommer's group for managing arbitrary intersection geometries [65] . In summary, the main challenges for the VTL are: 1) perfect wireless communication among all participating vehicles, 2) accurate vehicle localization, and 3) LEP that guarantees one and only one leader. These challenges raise a big feasibility question for realworld deployment of VTL considering the current technology.
C. Signal-free Intersection Traffic Control
Signal-free intersection control is another paradigm that has been proposed in anticipation of CAV technology. It is envisioned that, with full market penetration, a centralized intersection management server or a decentralized cooperative scheme is able to precisely guide each CAV without the need for signalization even under high volume scenarios.
1) Centralized Intersection Traffic Control. Lee and Park [66] put forward a cooperative vehicle intersection control (CVIC) which did not require any traffic signal even under moderate intersection demand (1900 vph). In CVIC, each passing vehicle was assigned with an individual trajectory via V2I communication. Kamal et al. [67] proposed a signal-free, model predictive control framework-based intersection control scheme that globally coordinates all vehicles with optimal trajectories which were computed based on avoidance of cross-collision risks. In [68] , an optimal intersection control system, which is designed to minimize travel time for CAV was proposed. Two versions of the proposed framework-the optimal control time and the optimal control effort-were tested on a roundabout, a stop-controlled intersection, and a signalized intersection. In spite of a significant reduction in CO2 emission, the proposed model has high computational cost from conducting nonlinear optimization; it takes up to five minutes to solve the optimization for a set of four vehicles. A centralized cooperative intersection control is proposed in [69] . The control strategy was designed to minimize intersection delay, fuel consumption as well as emission. Since the vehicle trajectories have to be pre-defined according to intersection geometry, the applicability of the control strategy is limited in real-world which encompasses various intersection geometry conditions. It was also argued in [70] that the reservation-based intersection control methods can disrupt platoon progressive, causing greater delays than conventional traffic signals.
Game Theory has been incorporated into designing signalsignal-free intersection control. In cooperative games, each group of players obtains payoff by coalition among its members. To put into transportation perspective, all CAVs form a cooperative game along with the intersection controller via V2X communication. A CACC-CG (Cooperative Adaptive Cruise Control -Cooperative Game) was proposed in [71] . The CACC-CG is comprised of a manager agent and reactive agents at each time step. The manager agent selected one reactive agent for movement optimization. The reactive agents, using symmetric information that is shared among players, choose among acceleration, deceleration, or maintaining current speed. All the players choose the minimum utility value from the payoff table at each time step to achieve an equilibrium status. Compared to four-way stop sign control, the CACC-GC yielded a 65% reduction (35 s) in intersection delay.
Elhenawy et al. [72] proposed a game-theory-based algorithm for uncontrolled intersections where CACCequipped vehicles communicate vehicle status (speed and location) to a centralized intersection controller. With the vehicle information, the controller solves the game matrix and obtains the Nash equilibrium. Then the optimal action was distributed to each vehicle. Compared to an all-way stop control intersection, the proposed scheme achieved 49% and 89% reduction in vehicle travel time and delay, respectively.
Centralized intersection control strategies are costly to implement and their scalability is open to question, even under the assumption that a central controller has the ability to track and schedule hundreds or even thousands of vehicles in real time.
Additionally, the current state of V2X wireless communication cannot technologically guarante such performance with thousands of vehicles in the vicinity of an intersection.
2) Decentralized Intersection Traffic Control On the contrary, the decentralized approach relies on local information among vehicles [73] . As pointed out in [74] , a decentralized intersection navigation faces two main challenges: predefined travel paths, and the possible local minimums that lead to intersection deadlock. To tackle this limitation, Hassan and Rakha [75] proposed a fully-distributed heuristic intersection control strategy which aims to minimize the communication (information exchanges) in each time step. The vehicles approaching the intersection are categorized into four groups ("Out,", "Last", "Mid", and "Head"), the group closest to the intersection ("Head" group) assumes the role of the schedulers, which are responsible for the passages of the intersection of all vehicles at different non-conflicting times. This control strategy was subsequently enhanced for real-time application in [76] , in which the initial nonlinear constraints in [75] was simplified. However, the optimal solution was based on the availability of the estimated arrival time of each individual vehicle, which could remain a challenge in the foreseeable future. In [77] , a bi-level cooperative intersection control comprised of an execution level and a supervisory level was proposed, in which the execution level deals with vehicle dynamics, whereas the supervisory level coordinates the access to the intersection.
The Volpe National Transportation System Center estimated that it may take 25 -30 years for CAVs to reach a 95% MPR, even with a federal mandatory installation of DSRC devices on new light vehicles manufactured in the US [78] . As promising as they may sound for these signal-free intersections, their requirement of fully-automated vehicles (SAE Level 5) renders them infeasible in the near future, where CAVs are deployed in mixed traffic conditions. D. CAV-enhanced UAID CAV warrants more versatile UAIDs for signalized intersections. Sun et al. [79] proposed an intersection management, called Maximum Capacity Intersection Operation Scheme with Signals (MCross). The operation of MCross intersection utilizes all the travel lanes at any time. The lane assignment, which is obtained by solving the mixed-integer non-linear multi-objective optimization, relied entirely upon fully-automated CAVs. Li proposed a new UAID, called Symmetric intersection [12] , which only needs three phases to separate all conflicts by weaving left-hand driving rule and right-hand driving rule. He used a capacity maximization analytical model to prove the effectiveness of the proposed UAID. However, such innovative intersection design could have serious ramification if navigation error occurs. Considering the complexity of the intersection operation of the Symmetric intersection, the transition between left-hand driving and right-hand driving rule for human driver could cause confusion and leave little margin for error. In the worst case scenario, a driver could end up on a travel lane of the opposing traffic.
IV. DISCUSSION
Intersections remain the common traffic bottlenecks in the modern transportation network. The advancement of communication and vehicle automation have inspired researchers to improve the performance of intersections. In the reminder of the section, we discuss the future research directions for intersection traffic control.
A. Virtual Traffic Signal
The VTL was firstly proposed in 2010 as a type of selforganized intersection management system. It is developed to replace a physical traffic light with a virtual one. Compared to conventional traffic light, the VTL does not require roadside infrastructure investment and it has greater flexibility when it comes to deployment. The LEP process, which ensures one and only one leader is selected, remains a major barrier for its implementation. Furthermore, the VTL is incompatible with non-CAV vehicles, which are not able to participate in the LEP process. VTL also requires symmetric information among the approaching vehicles (i.e. no unknown agents). Moreover, the information exchanged among all vehicles could pose a heavy burden on the wireless communication network. As such, VTL is only feasible under high MPR of CAVs when the communication technology is sufficient.
B. Signal-Free Intersection Traffic Control
The signal-free intersection control paradigm aims to eliminate the traditional signals and re-imagine the intersection management from the ground up in CAV environment. Nearly all of the proposed signal-free control schemes are still under the concept development stage.
First, they require homogeneous CAV traffic in order to successfully operate. Second, more experiments accounting for a wide spectrum of scenarios are needed. Insofar, the testing scenarios are overly simplified. For instance, a standard four-leg intersection with only through movements and four one-lane approaches is far from the real-world condition. Third, its good performance under unrealistically low traffic volume is not guaranteed in medium or high volume scenarios. When the traffic volume increases to the magnitude of thousands of vehicles per hour, a scale that is typically in the real-world deployment, the computational complexity of these control algorithm is unlikely to scale linearly. To the best of our knowledge, no computational deadline was set for the scheduling processing among the reported studies, which means the controller was allowed to take as much time for sorting out the enter sequence. This is very unlikely the case for real-world deployment.
A good example of the computational limitation is the Intelligent Traffic Signal System (I-SIG), a USDOT-sponsored CAV-based intersection control system which is currently being tested in the CAV pilot deployment program [80] . The system uses real-time vehicle trajectory data obtained via V2I communication, along with estimation (via the Estimation of Location and Speed algorithm [54] ) of the trajectories of unequipped vehicles, to optimize the SPaT plan in real time. Due to the computational power of current roadside units (RSUs), however, a tradeoff has to be made between deplorability and security. As a result, the I-SIG uses only a suboptimal two-stage-planning Controller Optimization of Phase algorithm [44] , which makes the system vulnerable to malicious attack (e.g., falsified trajectory data) especially when the market penetration of CAV is below 95% [81] . Such limitation is more for the signal-free intersection controller which is likely implemented in RSUs. Nevertheless, additional studies to expand the testing scenarios for the signal-free control is needed for providing the necessary support when fully-automated CAVs are deployed at a massive scale.
C. UAIDs in CAV Environment
The innovation of UAID is an ongoing effort and we have seen several new UAIDs in recent years, such as Triangabout (2014), MCross intersection (2017), and Symmetric intersection (2018). Admittedly, MCross and Symmetric intersection probably require full market penetration of CAV; otherwise, they will be too confusing and accident-prone for human drivers to navigate. As the recognition for UAIDs increases, a systematic way for evaluating candidates UAIDs is needed. Previous research rarely evaluated the performance of UAID at a corridor level with the exception of [11] , [26] , [34] . Little information regarding possible coordination with adjacent signalized intersection for UAID is available. Driving behaviors were not calibrated in previous UAID studies. At a corridor level, the impact of driving behavior may be more pronounced. Failing to take it into account could affect the simulation results.
Most of the evaluation of UAID is performed via simulation. Validation of the simulation result for UAID is also needed. Comparisons should be made between the simulation models, which were used for UAID development, and the actual performance of the UAID in operation. The difference, if any, could reveal the factors that were not initially considered in the simulation models, such as the driver's confusion. The potential confusion for drivers when facing UAIDs has been one of the primary concerns for UAIDs, which has not been adequately assessed in the previous research. For the majority of the simulation studies, the driver confusion has been assumed nonexistent. The performance gain for UAID could potentially be inflated if the impact of the confused drivers is proven to be significant.
The CAV technology could be an excellent complement for the UAIDs. The connected environment, enabled by the wireless communication between a vehicle and the intersection infrastructure, is able to provide geometry information to help unfamiliar drivers to navigate through UAIDs. The potential aid gained from CAV technology, in the near-term could improve the performance of UAID by abating or even eliminating driver's confusion.
D. Human Factor
The long-term impacts of vehicle automation to human drivers have yet to been seen. Potential negative impacts include overreliance to the ADAS, erratic mental workload, driving skill degradation, and decline situation awareness [82] . Driving simulators have been used to study the driver's behaviors for navigating UAIDs. The impact of geometric configurations of UAIDs, effective pavement marking, and signage, which provides navigational cues and helps to alleviate driver's confusion, were the focuses of the previous simulation studies. Further evaluations are still needed and ideally, such driving behavior study should be conducted at the initial design stage of a new UAID, like in [49] . Given the access to a driving simulator has kept increasing in the past decade, high-fidelity driving simulators that provide an immersing driving experience for participants remain costly and are only accessible to limited entities (e.g., the Turner-Fairbank Highway Research Center). Additionally, the integration of a driving simulator and a traffic simulator (e.g., Vissim, Aimsun) that provides a more realistic representation of prevailing traffic conditions is gaining popularity in the research community. Such integration bridges the individual-level driving behavior and the network-level traffic flow.
The human-machine interface (HMI) of ADAS systems for drivers is another crucial area that is worth exploring. How to convey actionable information or instructions to human drivers is an emerging topic, provided that the roadway infrastructure information is available via connectivity. As studies show, feedback provides prematurely or needlessly frequently could result in distractions or even dismissal of the system entirely by drivers [82] . Furthermore, how the transfer of responsibility (authority) between human to the ADAS should be performed. These are few of the open questions yet to be answered concerning ADAS.
From a technological standpoint, the determination of the erratic or potential danger maneuvers from confused drivers is vital in the deployment of ADASs in eliminating the impact of driver's confusion. Assuming the destination of a vehicle is known by the RSU in an anonymized manner, the prediction framework for unexpected behaviors is instrumental in the successful intervention of ADASs for confused drivers. For instance, the difference in vehicle dynamics from the expectation of the infrastructure (e.g., RSUs) and the actual vehicle dynamics, combined with the visual scanning of drivers, were used to detect the unanticipated behaviors in [50] .
V. SIMULATION STUDY
There are two primary benefits of CAV for UAIDs: the elimination of driver's confusion for UAIDs and the close carfollowing distance. In this section, we first demonstrate the improvement of UAIDs with full penetration of CAVs (100%) where vehicles closely follow their predecessors and have no confusion and start-up loss time for traffic signals (in DDI case). Then a proof-of-concept simulation for the impact of driver's confusion is conducted.
The PTV Vissim, a microscopic traffic simulation, is used to develop the simulation network. We have constructed two UAIDs: a 1.61-mile., three-lane RCUT intersection (Fig. 7a) and a DDI located in Wrangle Hill, DE (Fig. 7b) . The westbound direction of the RCUT is analyzed. The distance between the minor street and the diverging point of the median U-turn is approximately 1,300 ft., larger than the 600-ft. minimal design requirement set forth by ASSHTO [83] for Uturn crossover. The mainline demand from the westbound direction is 5000 vph and the demand from the southbound minor street is 400 vph. The second UAID, the DDI, is located at the intersection of the State Highway 72 (DE-72) and the US Highway 13 (US-13). The eastbound traffic demand is assumed to be 3000 vph with 400 vph coming from exit ramps from the US-13. The speed limit is 50 mph for both of the networks. 
A. Impact of CAV to UAID
We developed two scenarios to illustrate the potential benefits that UAIDs can gain from CAV technology: the scenario where CAVs reach 100% penetration and the default scenario with all HVs. We tested 1.5 times of the original demand to factor in the future demand growth. The total simulation time for each replication is 3900 s, 300 s of which is warm-up time to saturate the network with traffic. Ten simulation replications for each scenario are performed to account for the simulation variability. The westbound mainline demand for the RCUT, therefore, is increased to 7500 vph, whereas the arterial demand for either direction of the DDI is raised to 4500 vph. The car-following distance for CAVs is set to 2.5 m, compared to the HVs whose car-following distance is with the normal distribution of X~N (4 m, 9 m 2 ). The flow-speed observations in three locations (diverging, upstream, and downstream) are shown in Fig. 8 . In all three locations, the flow-speed curve of CAV systematically shifts to the higher flow rate region at right side of the chart. The carrying capacity for the CAV case reaches 2100 pcphpl (passenger car per hour per lane). The network throughput is also evaluated for both UAIDs. As shown in Fig. 9 ., the network throughput for RCUT is increased to 7604 vph from 5898 vph that is observed in the default HV case. For DDI, the network throughput is increased by 1243 vph with full CAV penetration. 
B. Driver's Confusion
As identified in the literature review, the corridor impact of the driver's confusion has not yet been taken into account in previous study. We consider the behaviors of drivers due to the confusion are: 1) sudden slowdown due to confusion prior to the UAID ramp and 2) making an abrupt lane change at the last minute. The area for each UAID that could most likely create confusion for drivers is identified based on the geometric design of the networks. In the RCUT, it is the U-turn pocket lane in the diverging area, which accommodates U-and left-turn traffic; whereas in the DDI, it is the signalized crossover on the arterial. A reduction in desired speed is set for the unfamiliar drivers to mimic the slowdown behavior due to confusion. In the RCUT, the route decision point is set closer to the U-turn pocket lane to induce aggressive lane change that is likely observed from the unfamiliar drivers in order to make it to the U-turn lane.
The total simulation time for each replication is 3900 s. The percentage of unfamiliar drivers is set from 0% to 20% with a 5% increment. For each scenario, 30 replications are run. Point and network-wide performance data are collected every 5 minutes. The shockwave created by driver's confusion is illustrated in Fig. 10 , where each line represents the trajectory of one vehicle from the simulation with 10% unfamiliar drivers for RCUT. Red lines are unfamiliar drivers, whereas the cyan lines represent commuter drivers who are familiar and have gotten used to the RCUT. As seen, the sudden slowdown due the driver's confusion creates a shockwave and it propagates upstream, affecting the following vehicles. On the right side of Fig. 10 , the traffic trajectories indicate a free-flow condition in the absence of slowdown or abrupt lane change induced by the driver's confusion. As demonstrated, too much driver's confusion could easily disrupt the progression of the traffic, not to mention the safety hazard it may create. The speed-flow diagram of the diverging area of the RCUT network is shown in Fig. 11 . The overall speed of the traffic flow with confused drivers is lower than the base case. This is due to the temporary traffic obstruction of the unexpected behaviors (i.e. aggressive lane change, deceleration due to hesitation) of the confused drivers. The impacted vehicles at the end of the diverging area where the data were collected have not regained the prevailing speed of the roadway. As a result, the data sample points shifted downward to the range of 30 mph and 40 mph with the presence of confused drivers.
The average vehicle delay for the entire network is collected. ANOVA test with post-hoc Tukey's method [84] is conducted to assess the statistical difference among the five tested scenarios with a 95% confidence level. The ANOVA test result (TABLE 6) shows that the pairwise differences among five levels of confused drivers are statistically different. Similarly, the ANOVA test for average vehicle delay for DDI exhibits an increasing pattern that the average vehicle delays are statistically different with a 95% confidence level as shown in TABLE 7. Intersections have been one of the main sources for control delay and severe collisions. Other than the attempts to improve the performance of a signalized intersection via adjusting SPaT, researchers and engineers have conceptualized a series of innovative intersection designs which can alter the nature and the number of the conflict points of a conventional intersection. UAIDs have started to gain recognition in improving mobility and safety of intersections because of the reduced signal phases and conflict points. The concern for driver's confusion is one of the barriers for adoptions of UAIDs, but it has not been taken into account in the previous studies. In the simulation study conducted, we first demonstrate the potential improvement of introducing CAVs into UAIDs. We then show that with the presence of confused drivers, the average vehicle delay is higher than the base case for either DDI or RCUT. The results indicate that CAV technology complements UAID in eliminating the driver's confusion and improving the intersection performance of UAIDs under mixed traffic conditions in the near-term deployment of CAV technology.
